Vasculopathies, characterized by the formation of fragile and abnormal microvessels, are associated with the severity of many chronic lung diseases, including pulmonary fibrosis, emphysema/chronic obstructive pulmonary disease, systemic sclerosis, and hypertension. However, the study of human lung vasculature has been limited by the ability to isolate generous quantities of microvascular endothelial cells (MVEC) free from mesenchymal contamination. Expansion and passaging of primary human MVEC in vitro typically results in loss of a traditional phenotype in favor of an intermediate mesenchymal one, as early as passage five. Here we provide a detailed protocol for the selection of large quantities of enriched primary human lung MVEC based upon differential adherence from mesenchyme and simple magnetic separation, which decreases the need for excessive passaging, in order to obtain sufficient cell numbers to successfully freeze stock cultures. Additional protocols are provided for Ac-di-LDL selection, characterization, and a sandwich angiogenesis method of functional tube formation. The complete protocol including cell isolation and characterization takes approximately six weeks to complete.
Introduction
The pulmonary microvasculature is the primary site for gas exchange in the lung, facilitating oxygenation of red blood cells and excretion of carbon dioxide. Pathological changes in the pulmonary microvasculature may both precede and/ or exacerbate a number of chronic adult lung diseases, including but not limited to pulmonary fibrosis (PF), chronic obstructive pulmonary disease (COPD), and connective tissue diseases including systemic sclerosis (SSc). Additionally, vascular remodeling may result in pulmonary arterial hypertension (PAH) or pulmonary hypertension (PH) associated with PF, COPD and SSc. Pulmonary vasculopathies, also known as vascular dysfunction or disease (PVD), are characterized by dysfunctional vascular structure and function. PVD is believed to be asymptomatic until severe, when approximately 50-70% of the pulmonary vascular bed is lost and pulmonary vascular resistance and pulmonary artery pressure rises leading to the clinical presentation and diagnosis of PH. 1 Considerable progress has been made in understanding the role that various cell populations, including endothelial cells, smooth muscle cells, and fibroblasts, play in the remodeling that defines vascular dysfunction during disease. However, our current understanding of the cell-based mechanisms are incomplete, demonstrating a need for primary vascular cell types to further study and understand disease processes. To overcome this limitation, we sought to develop a robust method based on the inherently different properties of cell adhesion, between MVEC and lung mesenchymal cells, in order to enrich for primary lung MVEC. Because expansion of primary human MVEC in vitro typically results in loss of phenotype in favor of an intermediate mesenchymal one, we hypothesized that if a substantial number of viable MVEC could be enriched from explanted lung tissue quickly following isolation, a greater number of stock lines could be created. Here we provide a detailed protocol for the selection of enriched primary human lung MVEC, based upon differential adherence and simple magnetic separation, decreasing excessive passaging. Enrichment and lineage specificity was documented by Ac-di-LDL uptake, characterization by flow cytometry, quantitative polymerase chain reaction (qPCR) and immunofluorescent staining as well as a sandwich angiogenesis assay of functional tube formation.
Methods

Isolation of adherent cell fractions from lung tissue explants
Human explanted lung tissue was isolated post transplant or autopsy in 1-in. cubes stored in DMEM (Vanderbilt IRB Protocol 9401). The viability and quantity of cells obtained from post-transplant tissue is significantly greater than postautopsy tissue.
Tissue was minced to achieve the consistency of paste in a 100-mm dish, using scissors and disposable scalpels. Minced tissue was then transferred to a solution of Type II collagenase (Worthington sterile filtered; LS004202) in Hank's balanced saline (HBSS; resuspend lyophilized container in approximately 35 mL to yield 515 U/mL). For fibroblast (FB) isolation, tissue is transferred to 23 mL of collagenase in a 50-mL conical tube (per cube). For the MVEC isolation, tissue is transferred into a total of 90 mL of collagenase and then divided between three 50 mL conical tubes. The tissue is then digested for 2.5 h with agitation (rotating hybridization oven) at 37 C. Following digest, an equal volume of HBSS was added per tube followed by trituration with a 10-mL pipet. The solution was centrifuged to pellet cells and tissue for 10 min at 1500 rpm. The FB digest was plated in two T75s with aMEM, 20% fetal bovine serum (FBS) with pen/ strep and fungizone (standard MSC/MPC medium).
2-4
The MVEC preparation was plated in three T75s coated with attachment factor (AF) (Life Technologies S-006-100; gelatin) with MVEC media (LONZA; CC-3156 & CC-4147 or CC-3202); 16-20 h later the media was changed to remove debris. At 24 h, post-plating, additional heparin (0.75 U/mL) was added to the complete LONZA medium, in order to decrease FB/mesenchymal growth. Within 48-72 h, the cells spread and assumed characteristic phenotypes. Heparin was added only after the cells had adhered because it can decrease attachment.
To passage the MVEC cell prep, flasks were washed with DPBS followed by the application of Versene (Gibco 15040-066). Flasks were place in the incubator for 1 min at a time and subsequently viewed to identify that 100% of the cells had lifted. The lifted cells were plated onto AF coated flasks (passage 1). When flasks were nearly confluent (day 12 post isolation), cells were lifted with Versene and magnetic bead separation was performed using CD31/PECAM, according to the manufacturer's instructions (Miltenyi kit no 130-091-935; passage 2), with the following exception: use PBS þ 2% FBS as buffer and omit the kit blocking instructions. Two million cells were separated on the column. Upon subsequent passages, we performed a quick first pass lift with Versene, in order to deplete FB, further enriching for MVEC (which remain adherent). The flasks were viewed closely and gently tapped to remove FB. Trypsin was applied to quickly lift and pass the remaining enriched MVEC. Further enrichment may be performed by incubating 50-75% confluent MVEC in Ac-di-LDL-Alexa 488 (Life Technologies L23380) at 10 g/mL in growth media. Flow cytometry may be used to sort out the cells with the highest peak fluorescence. FB passaging was performed using trypsin and standard protocols. MVEC were always cultured on AF coated flasks.
Acetyl-di-LDL uptake
MVEC cells approximately 75% confluent (3,000,000 at this stage; passage 4, day 31) were incubated with 5-10 ug/mL acetylated (Ac-di LDL-Alexa 488 (Life Technologies L23380) in growth medium for 3 h. 5 Known positive and negative controls were also prepared to set sorting gates. In this case, pulmonary artery endothelial cells (PAEC; LONZA CC-2530) were used as a positive and lung FB as a negative control.
Ac-di-LDL was then removed and cell rinsed once with HBSS and trypsinized for approximately 2 min using standard protocols. Four volumes of complete media were immediately added to inhibit the trypsin. FACS was employed to sort and collect on the top 50% or more positive fluorescent fraction based on the fluorescence intensity of positive and negative control cells. FB were used as a negative control for Ac-di-LDL uptake to set the selection gates. Using the BD FACSAria III (BD Biosciences, San Jose, CA, USA) the recommended wavelengths used for cell sorting included: excitation ¼ 488 nm, emission ¼ 550 nm. Sorted cells were collected into complete growth medium and re-plated in AF coated T25 flasks. Additional heparin is unnecessary for maintenance of these cultures at this stage.
MVEC characterization
Flow cytometry was used to characterize cell surface determinant expression by MVEC using standard protocols. [3] [4] [5] [6] The cells were stained with antibodies to detect the markers presented in Table 1 using a BD FACSAria III (BD Biosciences, San Jose, CA, USA). Fluorescent minus one (FMO) and isotype (eBioscience, San Diego, CA, USA) controls were used to set the gates. DAPI was used to exclude dead cells. Table 1 . Known positive and negative controls were also prepared to set sorting gates. In this case, PAEC (LONZA CC-2530) were used as a positive control and lung FB as a negative control. qPCR and immunofluorescent staining were performed to demonstrate the relative expression of endothelial marker transcript and protein using standard methods. 2, 5, 7 A summary of PCR primers is presented in Table 1 .
Tube-forming assay: sandwich method
Tissue culture treated two-chamber slides (Lab-Tek 154852) were pre-chilled overnight and coated with 400 microliters diluted Matrigel (Corning 354264, San Jose, CA, USA). For these studies, high concentration Matrigel was diluted 1:1 with ice-cold growth media before use. Matrigel was allowed to polymerize at 37 C for 45 min. Concurrently, cells from all lines were trypsinized, filtered, and centrifuged to be resuspended at 1 Â 10 5 cells/mL in growth media. A preparation was made by further diluting our Matrigel working stock to 4% in ice-cold growth media. Cells were mixed in equal volume with the low concentration Matrigel mixture to achieve a final concentration of 5 Â 10 4 cells/mL in 2% Matrigel. A total of 750 microliters was applied to Human PCR primers 5' to 3'
each chamber. Slides were incubated at 37 C 5% CO2 and tube formation was photographed starting at 30 min after plating to 4 h when a significant degree of tube formation had occurred. In all experiments, FB were cultured using 20% FBS aMEM (Life Technologies 12571-063) while endothelial cells (PAEC and MVEC) were cultured in EBM-2 with EGM-2 MV SingleQuots (Lonza CC-3156, CC-4147).
Results
Pulmonary MVEC or FB isolation and morphology
Primary cell isolation and characterization were performed to obtain primary MVEC and FB from lung tissue explants (Fig. 1a and c) . Lung mesenchymal stem cells (MSC) were also isolated from FB as previously described 2, 3 (Fig. 1b) . The identification of optimal conditions to obtain single cell suspensions from fresh distal lung tissue allowed the initial selection between the two cell types. A higher yield of MVEC was obtained with the increased ratio of collagenase to tissue relative to that of lung FB. Second, plating cells on a gelatin substrate, at a density to allow for colony formation following adherence, aided in the identification and further enrichment of MVEC. Purification was performed exploiting their expression of PECAM1/CD31. Primary CD31 antibody conjugated to a magnetic bead was used in combination with a magnetic column. CD31 expressing MVEC was positively selected (Fig. 1e-g ). MVEC colonies comprising 50 or more cells appeared more resistant to detachment during Versene treatment, while the mesenchymal cells readily detached (Fig. 1d) . Removal of the mesenchymal cells at this stage allowed for expansion of a highly enriched population of MVEC. The addition of heparin also attenuated residual mesenchymal proliferation, likely through modulation of growth factor signaling. 8 
Analysis and enrichment of human lung MVEC by Ac-di-LDL uptake
To analyze the relative purity of MVEC and perform a further enrichment step, Ac-di-LDL uptake was used. Di LDL has been utilized for over 20 years to purify EC in culture from contaminating tissue mesenchymal cells. 9 Lung cells were incubated with fluorescent labeled Ac-di-LDL, analyzed, and sorted by flow cytometry (Fig. 2) . Primary lung FB were used as a negative control to set the gates, distinguishing between positive and negative populations. The lung FB demonstrated less than 0.5% positive uptake of the Ac-di-LDL. There was a clear separation between the negative and positive populations of MVEC, which were 93.0% positive for Ac-di-LDL uptake. Starting with 3,000,000 cells, approximately 1,850,000 cells were identified as positive and appropriate for sorting. Enrichment of the MVEC population at this stage may only be necessary for specific analyses. The purity of the sorted population was 100% (Fig. 2) . Ac-di-LDL uptake distinguishes the MVEC from lung mesenchymal FB. 
Lung MVEC expression of endothelial lineage cell surface markers distinct from the tissue mesenchyme
Lung cells were incubated with primary antibodies directly conjugated to fluorophores and staining intensity analyzed by flow cytometry to quantitate their expression of the endothelial lineage markers, CD144/VE-cadherin, CD31/ PECAM1, CD102/ICAM2, CD105/Endoglin, CD73, CD146/MCAM, CD34, and CD44 (Fig. 3 ). PAEC were used as a positive control, FB and lung MSC as negative controls. All cell lines were negative for the expression of hematopoietic markers CD45, B220, and CD14. The EC universally expressed CD144, CD31, CD102, CD105, CD73, CD146 and were negative for CD338 (ABCG2). The MVEC heterogeneously expressed CD34 (24%), CD106 (0.58%), and CD44 (93%). Lung FB heterogeneously expressed CD106 (1.65%) and CD338 (3.2%) and were negative for the EC markers CD144, CD31, and CD102. The MVEC and PAEC overlapped in their cell surface expression of all the markers with the exception of CD44 (PAEC 73%; MVEC 93%). The MVEC were clearly distinct from the FB and MSC, overlapping only in their expression of CD105, CD73, and CD44. Interestingly CD146, 73, 44, and 105 are also considered MSC markers and are routinely used in the panel to define MSC. 13 
Transcriptional and intracellular expression of endothelial markers by primary lung MVEC
To further define the endothelial characteristics of the primary lung MVEC and distinguish them as distinct from the tissue resident mesenchymal fractions, we performed qPCR analyses using human lung MVEC, PAEC, FB, and MSC. Relative levels of gene expression were quantitated for endothelial lineage markers VECAD, PECAM1, VWF, TIE2(TEK), the vascular endothelial growth factor receptors, FLT1 and FLK, and the pericyte/mesenchymal lineage marker, PDGFR (Fig. 4a) . [10] [11] [12] MVEC expressed relatively high levels of all the EC markers and were negative for PDGFR. Lung MSC expressed high levels of PDGFR and low levels of Flt1. Immunostaining was also performed to detect and localize Factor VIII or VE-cadherin in isolated primary lung MVEC. As expected, Factor VIII localized to inclusion bodies in the cytoplasm of the cells while VE-cadherin localized to the tight junctions between the MVEC as well as the cytoplasm (Fig. 4b) . used as a positive control and primary lung FB as a negative control. At 4 h, both PAEC and primary lung MVEC formed characteristic angiogenic tube structures (Fig. 5) . In contrast, lung FB formed clusters or cord-like structures.
MVEC demonstrate tube-forming ability in vitro
Discussion
Obtaining reasonable yield of primary human lung MVEC from tissue explants free from mesenchymal contamination at low passage, and with traditional morphology and endothelial characteristics, has posed a significant challenge. This limitation coupled to the availability of tissue has resulted in studies of the pulmonary microvasculature being conducted with small numbers of patient primary cell lines (n number), variable experimental outcomes due to variation in cell phenotypes and purity, as well as the use of animal cells for a majority of studies. To address our hypothesis, we evaluated the use of positive selection of MVEC based on differential adherence characteristics distinct from tissue mesenchymal cells, specifically FB. Using a protocol for the selection of enriched primary human lung MVEC, based upon differential adherence and simple magnetic separation, we demonstrated enrichment and lineage specificity by Ac-di-LDL uptake, characterization by flow cytometry, qPCR, and immunofluorescent staining as well as functional angiogenic tube formation. This protocol is scalable and may be used to obtain a large number of enriched control and disease patient lung MVEC. These reported techniques expand upon recently published protocols for the isolation of pulmonary MVEC. [14] [15] [16] The use of magnetic bead separation of MVEC is similar to the protocol previously published by Mackay et al. 16 in which positive bead selection was used to achieve 1-9 million MVEC by passages 4-6 from 50 g of lung tissue, with the reported purity in the range of approximately 77-90%. Here we achieved 3 million cells, at low passage, from a small section of explanted lung, approximately 3 g.
Significant variations in the protocols that may have increased our yield included the adherence step we utilized following tissue digest, as well as the use of supplemental heparin to decrease mesenchymal proliferation. The adherence step facilitated the removal of tissue debris and dead cells versus the use of a 100 micrometer filter, which likely removes the clusters of MVEC that should appear as ''beads on a string'' following digest due to their tight cellcell contacts and basement membrane. The MVEC cultures were also plated to achieve less than 30% confluence, in order to allow colonies to expand in size. The second published protocol utilized the clustering of MVEC following digest to select them using a filtration step. Comhair et al. 14 digested lung tissue explants for a brief interval of 20 min, then, using applied pressure, forced clusters of MVEC from the tissue. Isolated cells were filtered and EC clusters rinsed from the top of the filter and plated on fibronectin-coated plastic.
The investigators also used supplemental heparin to control contaminating mesenchymal growth. However, it was unclear how the contaminants were removed, what yield or purity was achieved, as only isotype antibodies were used as controls for flow cytometric characterization. Generalized isolation of MVEC from tissue was also reported by van Beijnum et al. 17 using either magnetic separation or flow cytometry enriching by CD31, CD34, CD146, or CD105.
Our data demonstrate that CD34 expression is highly variable and CD146 and CD105 are not specific to MVEC. As expected CD31, VE-cadherin and ICAM2 were expressed by EC, and not lung mesenchymal cells, FB, or MSC. Following digest of 1 g of tissue the investigators could identify and sort approximately 1,000,000 cells with 90% purity; however, their yield of viable cells was not reported.
The most significant findings from this study comparing the primary human MVEC with lung FB and MSC was that the MVEC colonies maintained their adherence and contacts during brief Versene treatment, which allowed for their further selection and expansion, without passaging and separating them. The culture of MVEC colonies, versus independent cells after passaging, may facilitate the maintenance of their morphology, characterized by tight junctions and basement membrane. The maintenance of the MVEC cell-cell contacts during isolation is also the underlying reason that isolating primary EC from tissue digests by flow cytometry, which inherently requires single cell suspensions, typically results in a low yield of viable cells. An additional concern with flow cytometric isolation of MVEC is the damage to the cell membranes necessary to obtain a single cell suspension. In contrast, circulating EC or EC progenitors that may be successfully isolated using flow cytometry. 18 Taken together our results demonstrate that this protocol, based on selective adhesion, efficiently enriches for human lung MVEC. Thus, building upon existing protocols and providing a straightforward method for rapid and higher yield isolation of MVEC from explanted lung tissue. This higher yield of lower passage cells should serve as a resource for many investigators interested in preparing MVEC stock for the study of pulmonary microvasculature.
